Background
Introduction
Macrophages are one of the first lines of defense against intracellular pathogens [1] . During Trypanosoma cruzi infection, these cells are activated to produce ROS, a process called respiratory burst [2] [3] [4] . The detection of infectious agents leads to activation of the membrane bound NADPH oxidase, a multi-subunit complex that utilizes NAD(P)H as an electron donor to reduce oxygen (O 2 ) to superoxide (O 2 •− ) within the phagosome. The anionic nature of O 2
•− restricts its diffusion through membranes, confining its actions to the site of formation. Superoxide radicals can spontaneously or enzymatically dismutate into hydrogen peroxide (H 2 O 2 ), an oxidant with higher diffusional capacity. Metal transition ions in the presence of H 2 O 2 can generate hydroxyl radical (
• OH), an oxidant that, owing to its high reactivity, encloses poor selectivity against cellular targets and may not be highly toxic [5, 6] . Alternatively, O 2
•− may react with iNOS-derived nitric oxide ( • NO) in a diffusion-controlled reaction, to produce peroxynitrite (ONOO − ), a cytotoxic effector molecule against T. cruzi [4, 7, 8] .
T. cruzi has a highly efficiently regulated antioxidant machinery to deal with the oxidative burst and adapts to the conditions imposed by their digenetic life cycle [9, 10] . There are different pathways to detoxify hydroperoxides, within different substrate specificities and in different compartments such as mitochondria, glycosome, endoplasmic reticulum and cytosol [11] . In this intricate network, reducing equivalents from NADPH, produced by the pentose phosphate pathway, are delivered to a variety of detoxification enzymes. This reducing equivalents are delivered from trypanothione (T(SH) 2 ) to tryparedoxin (TXN) and glutathione (GSH), which transfers them to the several peroxidases. T(SH) 2 is maintained in its reduced state by the NADPH-dependent trypanothine reductase (TcTR) [12] . Several peroxidases have been characterized: two cysteine-dependent glutathione peroxidases, one ascorbate-dependent hemoperoxidase (TcAPX) and two tryparedoxin peroxidases [13] [14] [15] [16] [17] . The tryparedoxin peroxidases differ in their subcellular location: a cytosolic and a mitochondrial form (TcCPX and TcMPX, respectively) and catalyze the reduction of H 2 O 2 , small-chain organic hydroperoxides and ONOO − [11, 18] . In the endoplasmic reticulum, TcAPX and glutathione-dependent peroxidase Despite this efficient antioxidant system, the parasite macromolecules, particularly DNA, may still suffer oxidative damage that may be deleterious if not repaired. Due to its low redox potential, guanine (G) is the most vulnerable base. The oxidation of guanine results in formation of 8-oxo-7,8-dihydroguanine (8-oxoG), a cellular marker of oxidative stress [23] . When 8-oxoG assumes syn configuration, it is particularly mutagenic because it functionally mimics thymine. When 8-oxoG is inserted during DNA replication, it can generate double-strand breaks, making this lesion deleterious [24, 25] . To repair lesions caused by 8-oxoG, most organisms possess the oxidized guanine (GO) DNA repair system (GO system). This repair pathway is composed by the enzymes MutT, MutY and MutM in bacteria [26] and by corresponding enzymes MTH1, MUTYH and OGG1 in humans [27] . Studies on T. cruzi genome have demonstrated that this parasite has homologs to the enzymes OGG1, MUTYH [28] and MutT [29] . MutM excises the oxidized base from 8-oxoG:C base pairs and the MutY excises adenine where it has been erroneously incorporated opposite to unrepaired 8-oxoG during replication [27] . The MutT enzyme catalyzes the hydrolysis of 8-oxo-dGTP in the nucleotide pool, by substitution at the rarely attacked beta-P, to yield monophosphate nucleotide and pyrophosphate. This prevents errors in DNA replication, since the monophosphate form cannot be incorporated into nascent DNA [30, 31] .
Although ROS is clearly involved in control of several infections, increasing evidences point to a role of ROS as promoters of infection [32] . Several works have aimed at elucidating the role of reactive oxygen species during T. cruzi infection and the results obtained are sometimes contradictory. Although some studies have suggested that ROS produced during the respiratory burst have an important role in T. cruzi control [2, 4, 10, 33] , other authors have demonstrated that ROS is important to cellular signaling and proliferation of this parasite [11, [34] [35] [36] . Studies performed with bacteria [37, 38] , fungus [39] , viruses [40] [41] [42] and Leishmania [43] also associated ROS and parasite proliferation. In order to investigate the contribution of ROS in T. cruzi infection, we utilized mice deficient in the gp91 phox (Phox KO) subunit of NADPH oxidase [44] and parasites that overexpress the enzyme EcMutT or TcMTH and are more resistant to DNA damage caused by ROS (parasites with the E. coli mutT gene and parasites that overexpresses TcMTH gene, a T. cruzi MutT homolog) [29] . We found that modified parasites multiply better inside macrophages than wild type, but their proliferation is significantly reduced when ROS production is inhibited in host cell. Our results suggest that low concentration of ROS may work like a signaling molecule, contributing to growth of T. cruzi inside the cells in vitro and increasing the levels of parasitemia in vivo.
Materials and Methods

Ethics statement
This study was conducted in strict accordance with the recommendations in Guide for the Care 
Parasites
T. cruzi epimastigotes (CLBrener, wild-type) were cultured at 28°C in BHI (brain heart infusion) medium. Parasites overexpressing EcMutT, TcMTH and parasites transfected with the empty vector pROCK (TcROCK) were obtained as described previously [29, 45] 
Animals
Four-to 8-week-old male and female C57BL/6 mice were obtained from CEBIO (Instituto de Ciências Biológicas, Universidade Federal de Minas Gerais.Belo Horizonte, MG, Brazil). Phox KO [44] and IFN-γ KO [46] mice were purchased from The Jackson Laboratory (Glenville, NJ, USA). Mice were kept in conventional conditions with barriers, controlled light cycle and controlled temperature. Animals were fed a commercial diet for rodents (Labina, Purina, SP, Brazil) ad libitum.
In vitro assays for parasite burden
The macrophages used in this study were isolated from the peritoneal cavity of mice 4 days after injection of 2 mL of 3% thioglycollate medium (BD, Le Pont de Claix, France) into the peritoneal cavity. After this time, mice were euthanized and the peritoneum cells were harvested by repeated cycles of aspiration and re-injection with 10 ml of cold PBS in 10ml syringe with a 24G needle. More than 80% of the cells harvested were macrophages. The cells were centrifuged at 4°C, 1,500 g for 10 minutes and re-suspended in DMEM supplemented with 10% fetal bovine serum (FBS) (Cultilab, Campinas, SP, Brazil), 1% penicillin-streptomycin and 2mM glutamine. Macrophages were counted in a hemocytometer prior to seeding 5x10 5 or 1x10 6 cells into each well of a 24-well or 72-well plate respectively and incubated at 37°C, 5% CO 2 for 2 hours. The parasites were purified, counted and diluted in DMEM medium, and infection was performed for 2 hours, at a five-parasite-to-one-macrophage ratio. 
ROS detection
Luminometry assays were performed to evaluate the production of ROS by macrophages. The cells, obtained as described before, were centrifuged at 4°C, 1,500 g for 10 minutes, and resuspended in complete RPMI without phenol red. Macrophages (1 x 10 6 cells/well) were plated in 96 well opaque plates (NUNC, Rochester, NY, USA) and pre-incubated with 300μM of APO, 1mM of NAC, 25u of SOD or 40u of CAT for 2 hours. After this time, 0.05 mM luminol (5-Amino-2,3-dihydro-1,4-phthalazinedione; Sigma-Aldrich) and T. cruzi trypomastigotes (Y strain) in the proportion of 10 parasites to 1 macrophage were added in each well. Measurements were taken for 120 minutes with two-minute interval between measurements. Production of ROS was assayed by the light intensity generated by the reaction between ROS and luminol and expressed as relative light units.
• NO production by macrophages 
8-oxoG assay
Streptavidin has previously been shown to bind with high specificity to 8-oxoG [49, 50] and was therefore used for the 8-oxoG measurements. Epimastigotes and amastigotes parasites were treated with H 2 O 2 for 30 minutes, fixed in paraformaldehyde (2% v/v in PBS) at 25°C for 15 min and thereafter incubated for 15 min in PBS with 0.1% Triton X-100 v/v. Cells were then incubated with Alexa488-conjugated streptavidin (Invitrogen) (1:100) in PBS for 1 h at 37°C and evaluated by flow cytometer (FACS-Calibur).
In vivo infection experiments
T. cruzi trypomastigotes were maintained by blood passage in IFN-γ KO (TcWT and TcMTH strain) or Swiss (Y strain) mice every 7 or 9 days respectively. Trypomastigotes were obtained from heparinized blood, counted and used to infection. In some experiments, blood parasites (Y strain) were treated with 100μM H 2 O 2 for 30 minutes before the infection. Experimental infection was performed in C57BL/6 WT and Phox KO mice by intraperitoneal injection of 10 6 TcWT, TcMTH or Y strain blood trypomastigotes. Parasitemia was assessed by counting trypomastigotes in 5 μL of tail vein blood, every day from the 3 rd day post-infection until the time at which the parasites became undetectable. The number of parasites per mL was calculated as previously described [51] . Mortality of infected mice was monitored daily.
Statistical analysis
Statistical analysis in this work was performed using the GraphPad Prism 5.0 program (GraphPad Software Inc., CA, USA). Data are presented as the mean ± standard deviation (SD), and all experiments were repeated at least three times. Data were analyzed for significant differences using ANOVA, and differences between groups were assessed with Bonferroni post-test. The level of significance was set at p < 0.05.
Results
T. cruzi triggers ROS production by macrophages
Internalization of T. cruzi trypomastigotes by macrophages triggers the assembly of the NADPH oxidase complex to yield O 2 •− [4] . To establish that infection promotes respiratory burst in our conditions, we performed chemiluminescence experiments using luminol which can serve as a probe for O 2 •− and ONOO − [4] . Infection-increased chemiluminescence triggered by parasites was almost twice that observed with non-infected cells (Fig 1) . Luminol chemiluminescence increase was not detected when we performed these experiments in Phox KO macrophages, due to the lack of phagocyte NADPH oxidase (phox) activation and thus O 2 •− production ( Fig 1A and 1C ). As expected, pretreatment of macrophages with the phox inhibitor apocynin, a compound that prevents p47phox subunit translocation and therefore assembly of the enzyme complex, prevented the increase in ROS induced by infection, and brought chemiluminescence values down, similarly to Phox KO macrophages (Fig 1A and 1B) . Addition of the antioxidants NAC, SOD and CAT also reduced chemiluminescence intensity (Fig 1B and 1D ). Once determined in our experimental setup that T. cruzi could stimulate ROS production by macrophages, we proceeded to investigate if oxidative stress would affect the course of infection.
Parasites with enhanced 8-oxo-dGTP pyrophosphohydrolase activity presented improved growth in macrophage cultures
To investigate the importance of oxidative stress on the success of infection of macrophages with T. cruzi, we used parasites that over-express EcMutT enzyme and are more resistant to DNA damage by the oxidation of guanine [29] . To investigate the influence of over-expression of MutT/MTH on T. cruzi invasion process in host cells, macrophages were exposed to parasites for two hours, washed to eliminate extracellular parasites, and fixed. EcMutT heterologous expression does not affect the invasion process (Fig 2A, 2B and 2C). The number of internalized trypomastigotes (Fig 2A) and the number of infected macrophages ( Fig 2B) was similar between the two populations of parasites. However, after 48 hours, the number of infected macrophages (Fig 2B) and the number of amastigotes per macrophage (Fig 2A) was elevated for EcMutT parasites in comparison with TcWT parasites. To better express the obtained data the infection index was determined, considering simultaneously the number of infected macrophages and the number of amastigotes in relation to total macrophages. The infection index shows that EcMutT presented increased replication inside murine inflammatory macrophages when compared with wild-type parasites (Fig 2C) . This enhanced replication of EcMutT parasites inside macrophages was corroborated by counting the number of trypomastigotes released at the supernatant of infected cells (Fig 2D) . Hence, removal of 8-oxo-dGTP from the nucleotide pool increased the success of T. cruzi inside murine macrophages. A replicate of this experiment is presented in S1 TcMTH and EcMutT parasites effectively decreased peroxynitritedependent intracellular DHR oxidation and show increase in antioxidant enzyme expression
EcMutT parasites express E. coli MutT enzyme, whereas TcMTH parasites overexpress a T. cruzi MutT homolog [29] . Both parasites multiply better in macrophages than wild-type (TcWT) and the wild-type parasite transfected with the empty vector pROCK (TcROCK) (Fig  2 and [29] ). To determine if EcMutT and TcMTH are resistant to oxidative stress and what would be the mechanism for this resistance, we evaluated DHR oxidation by flow cytometry in parasites exposed to peroxynitrite donor, SIN-1. Oxidation of the DHR loaded into epimastigotes into fluorescent rhodamine 123 indicates that SIN-1 reaches the parasite cytosol ( Fig  3A) . The highest intracellular DHR oxidation yield was obtained when TcWT epimastigotes were pre-incubated with H 2 O 2 . DHR oxidation was not increased in TcMTH and EcMutT preincubated with hydrogen peroxide and further challenged with peroxynitrite ( Fig 3A) . We observed that pre-conditioning with H 2 O 2 did not promote increase in expression of cytosolic tryparedoxin peroxidase (Fig 3B and S2 Fig gel) , but increases expression of mitochondrial tryparedoxin peroxidase (Fig 3C and [29] ) in both TcWT and TcMTH. Interestingly, EcMutT over-expressed cytosolic tryparedoxin peroxidase. Superoxide dismutase B (Fig 3D) 
MTH prevents 8-oxo-dGTP incorporation into DNA
We had already demonstrated that MutT/MTH-expressing cells contained fewer nuclear DNA lesions [29] . We now evaluated the accumulation of 8-oxoG in DNA after parasite exposure to H 2 O 2 . The modified base was detected using streptavidin conjugated with Alexa-488 by flow cytometer. We observed an increase of 8-oxoG in DNA after H 2 O 2 treatment in TcWT epimastigotes. On the other hand, TcMTH epimastigotes did not show increased 8-oxoG in DNA after H 2 O 2 treatment, demonstrating the functional activity of the MTH enzyme in the T. cruzi over-expressers (Fig 4) .
Phox KO macrophages display reduced parasitism
Our results so far indicate that the over-expression of genes related to repair of oxidative damage favors the growth of parasites inside macrophages. To understand better the role of ROS in T. cruzi infection, we infected macrophages from Phox KO mice. Macrophages from these mice produced less ROS than cells from C57BL/6 WT mice upon infection (Fig 1A and 1C) . Phox KO macrophages showed reduced parasitism, when infected with Y (Fig 5A and 5B) and CL Brenner (Fig 5C and 5D ) strains of T. cruzi, as compared to C57BL/6 WT macrophages. After 48 hours of infection with Y strain, the number of parasites was increased in C57BL/6 WT macrophages, but was reduced in Phox KO macrophages (Fig 5A) . In addition, the number of trypomastigotes released in the supernatant of C57BL/6 WT infected macrophages was greater than in Phox KO macrophages after infection with the Y strain (Fig 5B) . The same result was obtained with the CL Brenner strain of T. cruzi (Fig 5C and 5D ). We did not observe significant differences in
• NO production between Phox KO and C57BL/6 WT macrophages. In both cells, infection with T. cruzi did not induce the production of • NO, which was similar to basal levels obtained by non-infected cells. The treatment with IFN-γ/LPS induced significant amounts of
• NO both in Phox KO and C57BL/6 WT macrophages.
• NO production was not different between Phox KO and C57BL/6 WT submitted to the same treatment. Additionally,
• NO production by previously stimulated cells was increased by T. cruzi infection (Fig 6) .
The inhibition of ROS production by macrophages also impairs T. cruzi proliferation Phox KO macrophages showed reduced parasitism when compared with C57BL/6 WT macrophages. Our next step was to investigate if ROS were responsible for the lack of growth in Phox KO macrophages. Thus, we inhibited ROS production by C57BL/6 WT macrophages using , and apocynin all reduced parasitism in C57BL/6 WT macrophages. This inhibition was more striking when we infected macrophages with TcMTH, since the levels of infection obtained with this parasite were greater and easily visualized after 48 hours (Fig 7A and 7B) . When we observe the number of trypomastigotes released in the supernatant, the differences in infection are still more striking, for both TcWT and TcMTH. The number of trypomastigotes released in the supernatant of infected macrophages is reduced after treatment with apocynin ( Fig 7E) . The treatment of macrophages with NAC and apocynin also reduced the parasitism of the cells after infection with Y strain (Fig 7C and 7D ).
T. cruzi needs a signal provided by ROS to replicate efficiently
Our results suggest that exposure to ROS promotes parasite replication. Some works have demonstrated that ROS could act as signal molecules to cells [11, 36] . We propose that T. cruzi needs a signal provided by ROS produced by macrophages to thrive in this host cell. To test this hypothesis, we treated Phox KO macrophages with H 2 O 2 before and after infection, and evaluated the infection index. We also treated NAC-treated C57BL/6 WT macrophages with independent experiments with similar results. (B) Cytosolic tryparedoxin peroxidase in parasite extracts was detected by Western Blot using an anti-TcCPX specific antibody. Results are expressed as the density of bands in the Western Blot, pooled results from three experiments performed. A representative Western Blot is in S2 Fig. (C (Fig 8B) . In addition, treatment of parasites with H 2 O 2 did not affect infection of C57BL/6 WT macrophages (Fig 8B) . The results displayed in Fig 8A differ slightly from the ones presented in Fig 7, in that TcMTH parasites grew better in Phox KO macrophages than TcWT. This result was not repetitive, that is, in some experiments we observed this difference and in others we did not. The reason for the discrepancy is not clear to us at this point, but may be due to differences among parasite cultures obtained in different days. However, consistently parasites grew better in WT macrophages than in Phox KO macrophages, and TcMTH grew better than TcWT in WT machrophages. Lower concentrations of ROS promote parasite increase in macrophages and mice So far, our results seem paradoxical: oxidative-stress-resistant parasites multiplied better inside macrophages, but cells deficient in ROS production did not sustained T. cruzi infection. There is a broad response to oxidants in cells: after exposure to a relatively high concentration of ROS, oxidative stress damage generally occurs, while lower concentrations can exert important physiological roles in cellular signaling and proliferation [11] . Thus, we treated parasites with different concentrations of H 2 O 2 and used these parasites to infect macrophages and mice. We found no differences in infection index of C57BL/6 macrophages using up to 200μM H 2 O 2 ( Fig  9A) . However, in a higher concentration (300 μM) H 2 O 2 was toxic to parasites. Lower concentrations of H 2 O 2 (50μM and 100μM) promoted replication of parasites in Phox KO macrophages, while 200μM H 2 O 2 brought the parasitism back down, and 300 μM H 2 O 2 was also toxic to parasites in Phox KO macrophages. Our next step was to evaluate if the treatment of the parasite with H 2 O 2 could affect T. cruzi capacity to infect mice. We treated blood trypomastigotes of the Y strain of T. cruzi with 100μM of H 2 O 2 for 30 minutes, infected C57BL/6 WT mice by intraperitoneal injection of 10 3 blood trypomastigotes and followed the course of infection. Our results indicate that C57BL/6 WT mice infected with treated parasites presented significantly higher parasitemia eight days after infection, compared with animals infected with control non treated parasites (Fig 9B) . Our results suggest that the lower concentrations of ROS used contribute to growth of the parasite inside the cells, working like signaling molecules to the parasite.
In vivo infections with genetically modified parasites
To investigate whether the increase in the intracellular growth rate observed for the EcMutT parasites would also affect the course of infection in vivo, C57BL/6 WT and Phox KO mice were infected with one million TcWT or TcMTH, and parasitemia was evaluated from day 3 post-infection. The data obtained revealed that TcMTH-infected mice presented significantly higher parasitemia compared with animals infected with TcWT parasites and this difference was more prominent at 5 days post-infection (Fig 10A) . This result corroborates the result obtained when the infection was performed in Swiss mice [29] . In addition, no difference in parasitemia was found between mouse strains. C57BL/6 WT and Phox KO mice displayed similar parasitemia, which peaked around 5 days post-infection ( Fig 10A) and was subsequently controlled. However, mice deficient in functional NADPH oxidase do not survive infection (Fig 10B) . While C57BL/6 WT mice presented 100% of survival after day 40 of infection, Phox KO animals exhibited high mortality when compared to C57BL/6 WT, starting at day 9 and reaching 100% mortality by 12 days of infection (Fig 10B and as previously published for the Y strain, [52] ).
Discussion
Oxidative stress, resultant from a deregulated ROS production, has been involved in pathogenesis of several diseases [53, [53] [54] [55] . On the other hand, in higher eukaryotic cells, reactive oxygen species (ROS) recently emerged as important players in cellular signaling involved in cell growth and differentiation [56] . The regulated increase in free radicals in a temporary imbalance represents the physiological basis for redox regulation [57] and, in this case, ROS can act as secondary messengers in the intracellular signal transduction pathways [56, 58, 59] . In this paper, we show dual role for reactive oxygen species during infection with T. cruzi.
ROS: Friend or foe?
In agreement with earlier observations in higher eukaryotes [60, 61] some authors have pointed evidences for a role of ROS in growth and signaling events of pathogens [11, 38, [40] [41] [42] . In Leishmania, iron uptake controls H 2 O 2 generation, which can act as a signaling molecule, initiating differentiation of promastigotes into infective amastigotes [43] . Sub-lethal doses of the superoxide-generating drug menadione and H 2 O 2 results in increased resistance to H 2 O 2 toxicity and increased virulence of L. chagasi promastigotes [62] . Corroborating these findings, the inhibition of ROS production by treatment with NAC reduced parasite burden in BALB/c mice infected with Leishmania amazonensis [63] . The exposure of T. cruzi to sub-lethal doses of H 2 O 2 caused an increase in the level of antioxidant enzymes, and confers resistance to this oxidant [11, 29] . Moreover, some authors have demonstrated different ROS-independent mechanisms used by cells to kill T. cruzi, contesting the necessity of these molecules in killing of parasites [64, 65] .
However, other studies relate ROS with the killing of parasites. Macrophages treated with phorbol myristate acetate (PMA), which triggers respiratory burst, are incapable of releasing ROS upon subsequent re-stimulation. In these cells, PMA pre-treatment contributes to growth of T. cruzi, pointing to the importance of a respiratory burst mechanism in killing of intracellular parasites [66] . In another work, the ability to release H 2 O 2 and the ability to kill trypanosomes were correlated in macrophages [67] and strong evidence for peroxynitrite as a mediator of T. cruzi killing was also found [4] . Using a variant clone derived from the cloned macrophage cell line J774, which lacked the capacity of producing ROS, Tanaka et al. demonstrated that T. cruzi grew better in this variant cell line [33] and that H 2 O 2 is associated with the killing of parasites [68] . Hence, from the exposed above, ROS may be friend to the parasite or foe.
ROS: Foe
T. cruzi is exposed to oxidative stress conditions in its life cycle [2, 10, 69] and this may generate oxidized nucleotides, causing DNA damage. We had already demonstrated that parasites with enhanced 8-oxo-dGTPase activity multiply better than wild type parasites in Swiss mice [29] . In the present work, we show that, although both wild-type and recombinant parasites had the same capacity of invading macrophages, modified parasites presented improved growth in macrophage cultures and confirm that these parasites multiply better in vivo, using C57BL6/ WT mice, a different animal model. Hence, protection of DNA against oxidative stress is beneficial to the parasite performance both in vivo and in vitro. The reason for this better performance may be as simple as the quicker replication when there is less necessity of DNA repair, or a more complex mechanism involving increased expression of protective enzymes, as discussed below, and which exact cause is currently unknown.
The hydrolysis of 8-oxo-dGTP could prevent DNA lesions and this could explain the greater replicative capacity of parasites with enhanced 8-oxo-dGTPase activity. Indeed, we demonstrated that modified parasites prevent 8-oxo-dGTP incorporation into DNA when exposed to H 2 O 2 . Furthermore, TcMTH and EcMutT parasites expressed more TcCPx and TcMPx after exposure to H 2 O 2 than WT parasites [29] and, importantly, incorporate less peroxynitrite (Fig 3) . The enzymes TcCPX and TcMPX have the capacity to detoxify ONOO − , H 2 O 2 and small-chain organic hydroperoxidases [18, 21] , which would explain the smaller concentrations of peroxynitrite inside TcMTH parasites compared to TcWT. Thus, these latter set of data speak for a more complex reason for higher proliferation of TcMTH parasites, which could involve increased expression of antioxidant enzymes. T. cruzi contains four iron superoxide dismutases (FeSODs) that eliminate superoxide radicals by dismutation into H 2 O 2 and molecular oxygen [70] . The levels of cytosolic SODB did not increase after oxidative treatment with H 2 O 2 , possibly because this enzyme is not involved with H 2 O 2 detoxification. Furthermore, there are no differences in the levels of SODB between modified and wild type parasites. T. cruzi cytosolic FeSODB is particularly resistant to peroxinitrite inactivation, suggesting it participates mainly as an antioxidant defense enzyme, while mitochondrial FeSODA may act as an oxidative stress sensor participating in O 2
•− -mediated redox process of cell signaling [21, 71] . Some works show that levels of TcCPX, TcMPX and mitochondrial SODA are up-regulated in infective forms of the parasite [20, 72, 73] . The relationship of these enzymes with the infective capacity of the parasite further helps to explain why modified parasites replicate more successfully in vitro and in vivo. Thus, the results obtained here reinforce the idea that ROS are deleterious to T. cruzi, since modified parasites grow better, probably because they are better able to deal with oxidative stress conditions.
ROS: Friend
Phox KO macrophages infected with CL Brenner strain of T. cruzi had decreased parasitism compared to C57BL/6 WT macrophages. This difference is not related to the uptake of parasites, since our results demonstrate that both macrophages presented the same parasite uptake. Similarly, knockout mice to p47 subunit of NADPH oxidase (p47 Phox KO ) were not compromised in parasite uptake capacity [74] . We also show that the treatment with antioxidants reduce parasite replication. These results indicate that the parasite needs a signal provided by macrophages to replicate efficiently within these cells. These data are in agreement with a work published by Paiva et al [35] using Y strain of T. cruzi, but are in contrast with work published by Dhiman and Garg [74] using Sylvio X10/4 strain and p47 Phox KO mice. This latter work shows no differences in the number of trypomastigotes released in the supernatants of infected macrophages from p47 Phox KO and WT mice [74] . This difference could be related to the type of strain used or to levels of ROS detected in macrophages after parasite infection. Our results show that T. cruzi infection did not induce alterations in ROS levels detected in Phox KO macrophages, which are similar to levels observed in resting cells. The same result was obtained when we used zymosan as a stimulus (S4 Fig). Dhiman and Garg, however, showed that ROS levels detected in p47 Phox KO cells are reduced when compared to levels produced by WT cells, but are significantly higher when compared to basal levels of production in non-infected cells [74] .
Our results suggest that the parasite needs a signal given by ROS in order to grow inside the cells. It is unlikely that O 2
•− is the reactive oxygen species responsible for signaling in T. cruzi, because of the anionic nature and restricted capacity of this molecule in to cross membranes. So, the exposure of parasites in the cytosol to this radical would be unlikely. [75] . The peroxidase class of H 2 O 2 -scavenging enzymes has conserved cysteine residues in their catalytic sites, which are targets for oxidation by H 2 O 2 [76] . The initial H 2 O 2 sensing event would be the oxidation of an antioxidant enzyme, which then leads to changes in the activity of associated components of the signaling pathway [75] . A recent work shows that H 2 O 2 signaling could be sensed by cysteine-containing proteins, such as thiol peroxidase peroxiredoxin-2 (PRX-2), which would become oxidized and would transmit oxidative equivalents to the redox-regulated transcription factor STAT3. Prx2 catalyzes the formation of disulfide-linked STAT3 oligomers, which compromises its capacity to promote transcription [77] . This could influence the cellular response, activating or inhibiting different cell pathways related with pathogen invasion.
Some studies have suggested that oxidative stress is important for T. cruzi proliferation [35, 36] . One evidence for the role of ROS in signaling events is that ROS or heme-induced ROS activate a CaM Kinase II-like pathway muttriggering the proliferation of the epimastigote forms of T. cruzi [36] . In addition, the oxidative stress generated in response to Y strain of T. cruzi contributes to the maintenance of high parasite burdens in macrophages [35] . The treatment with antioxidants inhibited epimastigote proliferation in vitro [36] and reduced T. cruzi parasitemia [78] .
Once in the vertebrate host, trypomastigotes invade cells at the inoculation site (e.g., fibroblasts, macrophages, and epithelial cells) [79, 80] . T. cruzi multiplies inside resident macrophages and disrupts these cells, which release infective trypomastigote forms that reach blood circulation and disseminates to other cells, like myocardium and autonomic nervous system ganglion cells that innervate esophagus and intestine walls. We found no differences in parasitemia in Phox KO and C57BL/6 WT mice. This could be because ROS are important to signaling events in macrophages, but not in other host cells, like for example fibroblasts [35] . These data are in contrast with the reported increased parasite burden in apocynin-treated mice and in p47
Phox KO mice infected with strain Sylvio X10/4 [74, 81] and also in contrast with the reported reduced parasitemia in Phox KO mice infected with Y strain [35] . Data with p47 Phox KO mice show that these mice succumbed to infection with SylvioX10/4 strain probably because of a compromised CD8 + T cell response, leading to increased parasite burden and pathogenesis [74] . Our results on in vivo infection with CL Brenner strain are in agreement with the previously published work by our group with Y strain [52] . In that paper, we showed that infected Phox KO mice succumb to infection probably due to low blood pressure caused by excess
• NO, which was not quenched by superoxide. Apocynin treatment increased parasitemia in C3H/HeN mice infected with the SylvioX10/4 strain. The reason for the discrepancy between data obtained in Phox KO mice in our hands and apocynin-treated mice described earlier [74, 81] may be several, including mouse strain and parasite strain. The SylvioX10/4 strain grows more slowly in mice [74, 81] , and it is not clear if parasitemia in apocynin-treated mice was determined in the acute or in the chronic phase of infection. In addition, it is possible that apocynin inhibits other oxidative mechanisms independent of NOX2. In vitro, apocynin has been shown to have an oxidative effect [82] . In our hands, apocynin effects were consistent with the inhibition of NOX2 in macrophages.
The exact mechanism by which low oxidant production enhances T. cruzi infection remains to be elucidated. One possibility is that ROS could generate the oxidation of 8-oxoG, resulting in the monophosphate form, 8-oxodGMP, which could be acting as a second messenger to the cell, indicating the presence of oxidative stress and preparing the parasite to be more resistant. This is currently under investigation.
Conclusion
In the present study we attempted to clarify the importance of ROS in T. cruzi infections. We found that modified parasites, more resistant to DNA damage by ROS, multiply better inside macrophages, but their proliferation, as well as the proliferation of wild-type parasites, is significantly reduced when ROS production is inhibited in the host cell. A possible explanation is that parasites need minimal levels of ROS, which would work as a signal for replication. However, high levels of ROS are deleterious to the parasite, inducing, for example, DNA damage. In this way, parasites over-expressing 8-oxo-GTPase could be more fit (since less DNA repair is necessary, for instance) and escape from the negative effects induced by ROS, by decreasing double-strand breaks and thus lethal lesions, increasing their replicative capacity. 
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